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Although general principles have been established in the regulation of vetebrate organogenesis, the specific molecules
responsible for such signaling are just being identified. We have studied differentiation in the avian iris and ciliary body
which undergoes a transition from smooth to striated muscle. Using heterochronic cocultures, we have found that striated
muscle differentiation in pretransition (E8) cells is induced by midtransition (E11) cells through a secreted and soluble
activity. In addition, contact-mediated mechanisms among pretransition cells prevented precocious striated muscle
differentiation. We have tested the role of activin and its antagonist follistatin, as candidate regulators of this muscle
transition. Activin induced smooth muscle differentiation while repressing striated muscle development. Conversely,
follistatin promoted the emergence of striated muscle, while inhibiting smooth muscle differentiation. Significantly,
secreted follistatin activity was found to increase during the smooth-to-striated muscle transition. Moreover, the striated
muscle inducing activity from midtransition iris and ciliary body cell conditioned medium was depleted with an
activin-affinity column which binds follistatin. These results suggest that activin and follistatin coordinate differentiation
in the avian iris and ciliary body. © 1998 Academic Press
INTRODUCTION
Secreted signaling molecules play an important role in
mediating inductive interactions during embryogenesis. For
example, a dorsoventral pattern within both ectodermal
and mesodermal germ layers is specified by signals origi-
nating from the embryonic organizer during gastrulation.
Further refinement of the body plan occurs during organo-
genesis, where cells from multiple embryonic origins dif-
ferentiate in a spatiotemporally controlled fashion. The
identities of the molecules that coordinate these events
have only recently begun to be elucidated. Examples of
local signaling events that have been well studied include
limb formation (reviewed in Johnson and Tabin, 1997) and
kidney development (reviewed in Vainio and Mu¨ller, 1997).
The structures in the anterior segment of the eye arise
from diverse embryonic origins and develop under the
influence of the local signaling environment. Specification
of the prospective iris and ciliary body epithelium is di-
rected by signals from the lens (Genis-Galvez, 1966; Stro-
eva, 1967; Beebe et al., submitted). However, lens trans-
plant and extirpation experiments in the chick embryo
suggest that the signals responsible for specification of the
iris and ciliary body are distinct from signals that govern
differentiation within these structures (Dhawan et al.,
submitted). Differentiation of these tissues proceeds in a
centripetal fashion dorsally and then temporally from the
edge of the optic fissure. This wave of differentiation is
consistent with controlled, inductive signaling.
Our studies have focused on the smooth-to-striated
muscle transition in the iris and ciliary body. Cell culture
experiments have shown that iris and ciliary body explants
possess the capacity for self-differentiation, demonstrating
that the signals that regulate differentiation in these struc-
tures are generated locally (Ferrari and Kock, 1984; Link and
Nishi, submitted). Furthermore, clonal analysis of undiffer-
entiated iris cells cocultured in various environments sug-
gests that extrinsic factors can regulate differentiation: the
number of clones that developed as striated muscle in-
creased in the presence of mature, differentiated iris–ciliary
body cells (Link and Nishi, submitted).
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Activin A, a TGFb superfamily member, and its antago-
nist, follistatin, are candidates for regulating the smooth-
to-striated muscle transition based on expression patterns
and previously described bioactivities. The TGFb superfam-
ily encompasses a large group of secreted proteins with
conserved primary and secondary structures (reviewed in
Wall and Hogan, 1994; Moses and Serra, 1996). The efficacy
of these proteins can be regulated at multiple levels includ-
ing activation by proteases, limiting availability through
matrix sequestration, and reducing bioactivity through in-
teraction with secreted binding proteins. Follistatin, which
can bind activin and prevent activin signaling, has recently
been shown to antagonize other TGFb superfamily mem-
bers including BMP-2, -4, and -7 (Nakamura et al., 1990;
Yamashita et al., 1995; Fainsod et al., 1997). Activin and
follistatin are expressed in the periocular mesenchyme
during ocular morphogenesis (Feijen et al., 1994; Vers-
chueren et al., 1995) and in the chick iris and ciliary body
during the smooth-to-striated muscle transition (Darland et
al., 1995). These proteins have been proposed as target-
derived factors that modulate neuropeptide phenotype in
the neurons that innervate the iris and ciliary body (re-
viewed in Coulombe and Kos, 1997). Functionally, activin
and follistatin modulate skeletal muscle differentiation in
culture: activin represses differentiation, whereas follista-
tin, presumably through interaction with activin or related
molecules, potentiates muscle differentiaton (Link and
Nishi, 1997; Shiozuka et al., 1997). The present study
addresses the regulation of the smooth-to-striated muscle
transition in the iris and ciliary body and tests the hypo-




Recombinant human activin A (0.7 mg/ml, lot No. 15365-36)
and follistatin (1.0 mg/ml, lot No. B3904) were obtained from the
National Hormone and Pituitary Program, National Institute of
Diabetes, Digestive, and Kidney Diseases (Rockville, MD).
Cell Culture
Dissociated iris and ciliary body. Embryonic quail and chick
iris–ciliary bodies were isolated by removing the overlying cornea
and cutting inside the ora serrata boundary. The lens was removed
and iris–ciliary body tissue, with epithelium intact, was placed in
modified Puck’s gluscose (MPG) solution (123 mM NaCl, 5.3 mM
KCl, 10 mM Na2HPO4, 10 mM NaH2PO4, 0.1% phenol red, 0.01%
glucose, pH 7.2) and cut into 1-mm3 pieces before mechanical
dissociation in MPG by trituration through a reduced-bore pipet.
Following dissociation, cells were filtered through 15-mm2 poly-
amide nylon mesh (Tetko, Inc., Briarcliff Manor, NY), centrifuged,
and resuspended in modified L15 CO2 (Mains and Patterson, 1973)
supplemented with 10% horse serum (plating medium). Cells were
counted with a hemocytometer and seeded onto rat tail collagen
coated wells at a density of 1 3 104 cells/ml.
Iris and ciliary body explants. Iris–ciliary bodies were isolated
as above and explanted on collagen–agarose cushions in a 35-mm2
dish. Collagen–agarose cushions were prepared by mixing the
following at a 1:2:1 ratio: collagen stock (1.5 mg/ml)/plating
medium/1.0% melted agarose. Four hundred microliters of this
mixture was placed onto a 35-mm2 dish. Once the collagen–agarose
cushion was set, the dish was flooded with plating medium to
equilibrate the cushion. The explant was then placed on top of the
cushion, and excess medium was removed to leave only a thin layer
over the explant thus promoting oxygen exchange.
Pectoral myotube cultures. Embryonic day 11 (E11) chick
pectoral muscle cultures were prepared as in Link and Nishi (1997)
without modifications.
Embryonic fibroblasts. Head skin from E8 embryos was re-
moved and cut into 1-mm3 pieces before enzymatic digestion in
0.5% trypsin in MPG for 20 min at 37°C. Cells were then
dissociated by trituration as with iris cultures and seeded onto rat
tail collagen-coated wells at a density of 1 3 104 cells/ml of plating
medium.
Muscle Marker Immunoassays
Antibodies MF20 [anti-striated myosin heavy chain (MyHC)],
QCPN [quail-specific nuclear marker] mouse monoclonal superna-
tants were obtained from the Developmental Studies Hybridoma
Bank maintained by the Department of Biological Sciences (Univer-
sity of Iowa, Iowa City, IA). Anti-smooth muscle specific a-actin
(aSMA) was purchased commercially (Sigma, St. Louis, MO).
Immunocytochemistry. Cultures were fixed after 4 days with
500 ml Zamboni’s fixative (4% paraformaldehyde, 15% picric acid,
0.05 M phosphate buffer, pH 7.2) for 20 min at 25°C followed by a
wash in PBS. Fixed cultures were blocked overnight with 10%
horse serum/5% chick serum/2% lamb serum/0.5% Triton X-100/
0.1% sodium azide/PBS. Primary antibodies were incubated 4 h at
25°C or overnight at 4°C at the following dilutions in blocking
solution: MF20 (1:6), QCNP (1:4), aSMA (1:1000). Endogenous
peroxidases were then inactivated in 30% EtOH/1% hydrogen
peroxide/PBS. Cultures were subsequently processed for single
peroxidase–antiperoxidase immunoreactivity as described previ-
ously (Darland et al., 1995).
Cell counts. Following processing for muscle marker expres-
sion, quail nuclei were labeled with QCNP (cocultures) and total
nuclei were labeled with Hoechst dye (Molecular Probes, Eugene,
OR). The number of total nuclei and muscle nuclei (aSMA1 or
MyHC1) were estimated by scoring and summing 10 nonoverlap-
ping fields of view per well. Cultures were plated in triplicate for
each condition. Each experiment was repeated three times.
Immunohistochemistry
E11 iris explants were fixed after 4 days in culture with 10 ml
fresh Zamboni’s fixative for 40 min at 25°C and washed in PBS
prior to equilibration in graded dilutions of sucrose (3, 6, 15, 22.5,
and 30% [w/v]) and then embedded in OCT freezing medium
(TissueTek, Elkhart, IN). Serial sections (8 mm) were cut on a
cryostat microtome and mounted on gelatin-coated glass slides.
These sections were dried 2–3 h at 25°C and processed for MyHC
immunoreactivity as described above.
Creatine Phosphokinase Activity Assay
E11 iris– ciliary body explants were washed with PBS and
homogenized on ice with 80 ml of 1% Nonidet P-40, 100 mM
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sodium phosphate buffer (pH 7.0). Homogenates were stored at
280°C prior to assaying. CPK activity was determined by
reacting 10 ml lysate with 200 ml of the following reaction
mixture: 5 mM a-D-Glucose, 1.5 mM ADP, 20 mM DTT, 0.5
U/ml G-6-PDH, 1.3 U/ml hexokinase, 0.7 mM NADP, 9 mM
phosphocreatine (Sigma CPK assay No. 45UV). After reaching
constant reaction velocity (mOD/min), the rate of change of
absorbance at 340 nm over 2.5 min was measured spectrophoto-
metrically (UV Max kinetic microplate reader run with Softmax
software, Molecular Devices, Sunnyvale, CA). Vmax remained
linear throughout the assay. All samples were assayed at least in
triplicate. Each experiment was repeated three times.
Bromodeoxyuridine Labeling
Dissociated E8 iris–ciliary body cells were cultured for 4 days as
described in the figure legend. On day 4, medium was replaced with
fresh serum-free medium containing 10 mM bromodeoxyuridine
(BrdU, Sigma) and pulsed for 1 h. Cultures were then fixed with
ice-cold 100% methanol for 10 min and then allowed to air-dry.
Cells were then rehydrated with PBS. Cellular DNA was denatured
by incubating in 2 N HCl for 1 h at 37°C. Acid neutralization was
accomplished by two washes with 100 mM borate buffer, pH 8.5,
and cultures were processed for single peroxidase–antiperoxidase
immunoreactivity using an anti-BrdU monoclonal antibody
(Boehringer Mannheim, Indianapolis, IN, No. 1170-376; 1:500 in
blocking solution).
Preparation of Conditioned Medium
Confluent fibroblast and E8 or E11 iris–ciliary body cultures
were grown in serum-free medium for 3 days. Cultures were then
fed with fresh serum-free medium and conditioned for 48 h. This
conditioned medium was collected and centrifuged at 3000g at 4°C
in a 10-kDa cutoff Centriprep filter unit (Amicon, Beverly, MA) to
concentrate 10-fold. Unconditioned serum-free medium was also
concentrated 10-fold and used as control medium. Concentrated
conditioned medium was sterile filtered through a 0.22-mm filter
and stored at 280°C prior to use in muscle induction assays and
depletion of activin-binding proteins.
Bioassay for Activin A and Follistatin
Erythroid cell differentiation. Activin A-dependent erythroid
differentiation assay was adapted from Schwall and Lai (1991). The
K562 human erythroleukemia cell line was maintained in T75
flasks at ;5 3 106 cells/ml in 10% FCS/RPMI. K562 cells were
plated at 2.5 3 104 cells per well in 24-well plates with a final
volume of 400 ml 10% FCS/RPMI. Activin A was preincubated
with recombinant follistatin or 103 conditioned medium for 30
min at 25°C prior to addition to K562 cells. Cells were grown for 4
days without medium changes. On day 4, cells were removed and
pelleted by centifugation at 4°C. Medium was removed and cells
were washed two times with cold PBS. Cells were then lysed in 60
ml cold H2O and vortexed briefly, and the lysates were stored at
280°C prior to hemoglobin synthesis and lactate dehydrogenase
(LDH) assays.
Hemoglobin synthesis assay. Lysates were thawed and vor-
texed again, and cellular debris was removed by centrifugation. For
each sample, 40 ml of lysate was removed and added to one well of
a 96-sample plate. In addition, 5- to 5000-ng dilutions of purified
hemoglobin (Sigma) was added to establish the linear range for the
standard curve. Once all lysates and standards had been transferred
to the 96-sample plate, a reaction mix of 10 mg/ml tetramethyl-
benzidine (Sigma), 1% H2O2, and 45% acetic acid was prepared.
The reaction was initiated with addition 160 ml of this mix. The
assay plate was incubated 20 min in the dark and then OD595 nm
was measured with a UV Max microplate reader (Molecular De-
vices, Sunnyvale, CA). Data were analysed with Softmax software
(Molecular Devices).
LDH assay. Total cell numbers for each sample were estimated
by quantitation of LDH, a constitutively synthesized cytoplasmic
enzyme. LDH activity was spectophotometrically assayed as de-
scribed previously (Eckenstein et al., 1990). Briefly, for each sample
10 ml of the remaining lysate was added to a well of a 96-sample
plate. In addition, lysates with known cell numbers (500–250,000
K562 cells) were added to the assay plate to establish a standard
curve and determine the linear range. Ninety microliters of reac-
tion buffer was added to each well. The reaction was initiated by
addition of 100 ml of reaction substrate mix. After reaching maxi-
mum reaction velocity (mOD/min), the rate of OD490 nm change
over 2 min was measured.
Activin A Affinity Column
An activin A affininty column was prepared as described in
Inouye et al. (1991) with the following scaling modifications. One
hundred micrograms of recombinant activin A was coupled to 400
ml of activated N-hydroxysuccinimide agarose (Affigel 10, Bio-Rad,
Richmond, CA) in 100 mM Hepes, pH. 7.4. Control–agarose
column matrix was prepared by linking 400 ml of 1 M ethanolamine
with 400 ml of Affigel 10. All procedures were carried out at 4°C.
The coupling reactions proceeded for 16 h with gentle rocking.
Remaining reactive sites for the activin–agarose matrix were
blocked with 400 ml of 1 M ethanolamine. The matrices were then
washed 10 times with 1 ml of 100 mM Hepes, pH. 7.4. A coupling
efficiency of 75% for the activin A matrix was estimated by
determining the total amount of unbound protein. Columns were
prepared using sterile cotton plugged 1 cc syringes. Control and
activin affinity columns were then equilibrated with serum-free
medium. Conditioned medium was divided into three pools: two
for repeated passage through the activin or control column and one
to test directly in the muscle induction and erythroid differentia-
tion assays.
Statistics
t test analyses were performed using Statistica statistics soft-
ware (Statsoft, Inc., Tulsa, OK).
RESULTS
E11 Iris–Ciliary Body Cells Secrete
a Muscle-Inducing Activity
We performed heterochronic and heterotypic coculture
experiments under various conditions to investigate the
environmental influences that regulate the emergence of
striated muscle from the iris and ciliary body. In the first
experiment, cells from E7 quail iris and ciliary body were
dissociated and cultured alone or in the presence of
chicken cells including embryonic fibroblasts, other un-
differentiated (E8) iris cells, E11 iris– ciliary body cells, or
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pectoral striated muscle cells. Previous studies have
shown that E11 is the age which gives the greatest
proportion of myotubes in dissociated iris and ciliary
body cultures (Link and Nishi, submitted). We found that
coculture with E11 iris– ciliary body or pectoral myo-
blasts resulted in increases in the proportion of E7 quail
cells that expressed MyHC compared to equal numbers of
cells cultured alone. Coculture with other undifferenti-
ated iris– ciliary body cells repressed MyHC expression,
while coculture with embryonic fibroblasts did not alter
the expression of this striated muscle marker (Fig. 1A).
Inhibition of MyHC expression in cultures of E7 quail
iris– ciliary body cells alone was also found to be cell
density dependent (data not shown).
To test whether the increased number of nuclei within
MyHC-expressing cells in cocultures was due to nonspe-
cific cell fusion or whether this was due to a secreted
activity from the surrounding chick cells, we performed
trans-filter experiments. Experiments were carried out as
before, except undifferentiated E7 quail cells were grown
alone or 300 mm above the other cell types on a porous
substrate that allowed free diffusion of macromolecules,
but maintained the isolation of the two cultures. As before,
culture with E11 iris–ciliary body cells resulted in a greater
proportion of quail cells that expressed MyHC (Fig. 1B).
Interestingly, the inhibition observed with coculture with
other undifferented iris–ciliary body cells was not main-
tained in the transwell assay suggesting that this inhibition
was contact-mediated. Fibroblasts again provided a neutral
environment with respect to striated muscle development.
When concentrated E11 iris–ciliary body conditioned me-
dium was applied to E7 quail iris–ciliary body cells, a
dose-dependent increase in striated muscle development
was observed (Fig. 1C). Fibroblast conditioned medium at
high concentrations only slightly potentiated striated
muscle development in undifferentiated iris cells. These
results suggest that within the iris and ciliary body undif-
ferentiated (E7) cells are competent to respond to temporal
changes (E7 vs E11) in secreted, soluble signals that can
regulate the muscle differentiation.
Follistatin Increases with Development
in the Iris and Ciliary Body
Because follistatin regulates striated muscle develop-
ment in other systems (Matzuk et al., 1995; Amthor et
al., 1996; Link and Nishi, 1997; Shiozuka et al., 1997),
and mRNA and protein for this molecule is expressed by
the chick iris and ciliary body (Darland et al., 1995) and
in pectoral muscle cultures (Link and Nishi, 1997), we
tested whether follistatin-like bioactivity was present
during the smooth-to-striated muscle transition. Fol-
listatin is a binding protein and an antagonist for spe-
cific members of the TGFb superfamily. Among the
TGFb superfamily members that interact with this mol-
ecule, follistatin shows greatest affinity for the activins
(Yamashita et al., 1995). Activin A mRNA and protein
are also expressed within the developing chick iris and
ciliary body; thus, the relative concentration of these
molecules dictate bioactivity (Darland et al., 1995). We
FIG. 1. Older iris– ciliary body cells secrete a soluble activity
that can potentiate striated muscle formation in younger iris–
ciliary body cells. (A) Undifferentiated E7 quail iris– ciliary body
cells were cocultured with the following chick cells: other
undifferentiated iris– ciliary body cells (E8 iris), older iris– ciliary
body cells (E11 iris), embryonic fibroblasts, and pectoral striated
myoblasts. The number of nuclei in MyHC immunoreactive
cells was scored after 4 days in culture. Quail:chick cells were
plated in a ratio of 1:5 (1 3 104 and 5 3 104 cells/ml, respectively)
(n 5 3). (B) Plating and culture conditions were performed as in
cocultures, except quail cells were physically separated by 300
mm using trans-well polyamide inserts (n 5 4). (C) Control
medium (open circles), embryonic fibroblast conditioned me-
dium (half-filled diamonds), and E11 iris– ciliary body condi-
tioned medium (closed squares) were concentrated 10-fold and
added to E7 quail iris– ciliary body cells at 0.1- to 2.0-fold final
concentrations. Medium was replaced daily until day 4, when
MyHC immunoreactivity was scored (n 5 4). *P # 0.05; **P #
0.01 compared to controls (two-tailed t test).
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employed an activin-dependent erythrocyte differentia-
tion assay (Schwall and Lai, 1991) to test the ability of
iris– ciliary body conditioned medium to either potenti-
ate (activin-like bioactivity) or inhibit (follistatin-like
bioactivity) the synthesis of hemoglobin in K562 eryth-
roleukemia cells (Fig. 2A). We found that concentrated
conditioned medium from either E8 or E11 iris– ciliary
body was able to inhibit activin induced-hemoglobin
synthesis, but not hemin-induced differentiation, in
K562 cells. Dose–response experiments indicated that
the levels of follistatin-like bioactivity increased from E8
to E11, the time when striated myogenesis occurs in
these structures in vivo (Fig. 2B).
Activin and Follistatin Regulate Muscle
Differentiation
We next addressed whether recombinant activin and
follistatin could modulate the development of either
smooth or striated muscle from cultures of undifferentiated
iris–ciliary body. Activin A increased the proportion of cells
that expressed smooth muscle actin, while inhibiting the
expression of striated MyHC. Exogenous follistatin had the
opposite effects: smooth muscle development was re-
pressed, while striated muscle development was potenti-
ated (Fig. 3). Total cell numbers and the proportion of
BrdU-labeled cells, an index of mitosis, were not dramati-
cally altered with either treatment (Fig. 3B). Interestingly,
cells expressing MyHC in the presence of activin were
thinner and contained fewer nuclei than those from control
conditions. These morphological alterations and the lack of
change in total cell number are similar to the effects of
activin on striated muscle derived from other embryonic
sources (Link and Nishi, 1997; Shiozuka et al., 1997). The
secretion of follistatin-like bioactivity and the ability of
exogenous follistatin to potentiate striated muscle develop-
ment in cultures of undifferentiated iris and ciliary body
suggest that follistatin is a component of the muscle
inducing activity found in conditioned medium from the
maturing iris and ciliary body.
FIG. 2. Bioassay for activin and follistatin: follistatin increases
from E8 to E11. (A) Response of K562 ethrythrocytes (hemoglobin
synthesis) to increasing concentrations of activin in control me-
dium (gray bars) or with 100 ng/ml of follistatin (black bars). (B)
Measurements of hemoglobin synthesized in K562 cells cultured
with 4 ng/ml activin with increasing concentrations, 0.1- to
2.0-fold, of either E8 iris–ciliary body conditioned medium (open
squares) or E11 iris–ciliary body conditioned medium (closed
circles). Data represent means 6 standard error (n 5 3) from one
representative experiment.
FIG. 3. Effects of activin and follistatin on undifferentiated iris–
ciliary body cells. (A) Comparison of the number nuclei in aSMA-
immunoreactive (open bars) or MyHC-immunoreactive (closed
bars) cells in sister cultures of dissociated E8 iris–ciliary body after
4 days. (B) Comparison of total nuclei (open bars) and BrdU
incorporation (closed bars) in cultures of dissociated E8 iris–ciliary
body after 4 days. Total nuclei are graphed as percentage of control
conditions, while BrdU incoporation respresents percentage of cells
undergoing DNA synthesis in each culture. (C–H) Morphology of
aSMA-immunoreactive (C, D, E) and MyHC-immunoreactive (F,
G, H) cells in control medium (C, F), with 10 ng/ml activin (B, G),
or 35 ng/ml follistatin (E, H) (n 5 4). *P # 0.005 as compared to
controls (two-tailed t test).
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To test whether follistatin is a constituent of the E11
iris–ciliary body muscle inducing activity, we constructed
an activin A affinity column to remove activin-binding
proteins from conditioned medium. E11 iris–ciliary body
conditioned medium retained the ability to stimulate stri-
ated muscle development in undifferentiated iris–ciliary
body cells when passed through a control column
(ethanolamine-linked agarose). However, passage through
the column packed with activin A-linked agarose depleted
the ability of E11 iris–ciliary body conditioned medium to
stimulate striated muscle development (Fig. 4). As observed
before, fibroblast conditioned medium did not potentiate
striated muscle development.
Because the local environment is altered with cell
dissociation, we tested whether activin and follistatin
could regulate striated muscle development in anterior
segment explants where three-dimensional cellular con-
tacts are maintained. Intact E8 chick iris, ciliary body,
and associated lens were cultured on collagen–agarose
(Fig. 5A) with exogenous activin or follistatin or in
control medium. After 4 days, explants were analyzed
either immunohistochemically for MyHC expression or
for creatine phoshphokinase (CPK) activity, a marker for
striated muscle differentiation. Immunoreactivity for
MyHC suggested that activin repressed while follistatin
promoted striated muscle development (Figs. 5C–5E).
Quantitation of CPK activity from explant homogenates
confirmed these observations (Fig 5B).
DISCUSSION
The focus of the present study was to identify local
influences that regulate the transition from smooth-to-
striated muscle in the avian iris and ciliary body. We have
found that secreted, soluble signals present during the
transition promote striated muscle differentiation. We have
presented evidence that these factors are activin and fol-
listatin. Our results suggest a model in which activin
expressed by undifferentiated iris–ciliary body stimulates
smooth muscle differentiation while inhibiting striated
muscle formation. As development proceeds, the subse-
quent up-regulation of follistatin acts to counteract the
activin, thereby slowing smooth muscle differentiation
while promoting differentiation of striated muscle. Thus,
activin and follistatin are key local modulators that coordi-
nate muscle development in the anterior segment of the
avian eye.
Smooth Muscle Differentiation
The regulation of smooth muscle development is com-
plex and likely to be due to a number of factors. Exo-
genously added activin strongly stimulated smooth muscle
differentiation in E7/8 iris cultures; however, the medium
collected from these cells did not contain activin bioactiv-
ity. Several plausible explanations exist for this observa-
tion. First, regionally elevated concentrations of activin
may be present at this age to facilitate smooth muscle
differentiation. Indeed, in the iris, smooth muscle differen-
tiation is confined to the pupillary margin where invaginat-
ing epithelial cells undergo an epithelial to muscle cell
transition. In addition, other signaling molecules, that are
not antagonized by follistatin, may regulate smooth muscle
differentiation. One such candidate, TGFb, is known to
promote smooth muscle development, while inhibiting
striated muscle, in multiple cell types (reviewed in Moses
and Serra, 1996) including undifferentied iris and ciliary
body cells (Link and Nishi, unpublished observations). In
mammals, TGFb1 and b2 are secreted by resident cells of
the iris and cilliary body (Knisely et al., 1991; Pasquale et
al., 1993), but the expression of these molecules during
development of the avian iris and ciliary body is unknown.
Contact-Mediated Repression of Striated Muscle
Prior to the initiation of the smooth-to-striated muscle
transition, inhibitory signals, in addition to that of activin,
may prevent precocious differentiation of striated muscle.
We found that cells derived from the pretransition iris and
ciliary body were able to reduce striated muscle differentia-
tion in E7 quail iris cells. This effect was observed only
when cell contact was maintained: no repression was ob-
served when the cells were physically separated by a per-
meable membrane or when conditioned medium from
these young iris–ciliary body cells was applied. This sug-
gests that contact-mediated and/or nondiffusible signals
FIG. 4. Depletion of activin-binding proteins: effects on striated
muscle differentiation. Dissociated E8 iris–ciliary body cells were
cultured with conditioned medium from control medium, fibro-
blast conditioned medium, or one of two batches of E11 iris–ciliary
body conditioned medium (A and B) that were added directly (open
bars) or run through either a control column (ethanolamine-linked
to agarose, gray bars) or an activin column (activin-linked to
agarose, black bars). The number of nuclei in MyHC-immuno-
reactive cells were scored after 4 days in culture. Data represent
means 6 standard error (n 5 3). *P # 0.001 compared to control
medium, no column; †P # .003 compared to equivalent condi-
tioned mediums, no column.
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can prevent striated muscle differentiation at early stages of
iris and ciliary body development. In addition, this obser-
vation lends insight into why striated myogenesis is not
initiated by E8 iris–ciliary body cultures which show fol-
listatin bioactivity (albeit at low levels). Candidate mol-
ecules for contact-mediated repression include members of
the Notch/lin-12 family. In mammals, notch and its ligand,
jagged, are expressed in the developing ciliary body (Bao and
Cepko, 1997). Activation of these transmembrane mol-
ecules has been shown to inhibit striated myogenesis in
cultured cells and in Xenopus embryos (Kopan et al., 1994;
Nye et al., 1994). The muscle induction observed in cocul-
tures with older iris–ciliary body cells suggests that either
contact-mediated repression is down-regulated with age or
induction by soluble factors exceeds a threshold necessary
to overcome this inhibition.
Striated Muscle Regulation by Follistatin
Several observations suggest that secreted follistatin is
the primary signal for promoting striated muscle differen-
tiation during the transition from smooth-to-striated
muscle. First, the increase in striated muscle development
within E7 iris–ciliary body cells was similar when cellular
contact was allowed (coculture experiments) and when only
secreted, soluble signals could pass between the two cell
types (trans-well experiments). This similarity in propor-
tion of muscle induction was not due to saturated differen-
tiation of striated muscle cell precursors: addition of con-
centrated conditioned medium pushed a greater number of
cells to differentiate than either of the coculture assays.
Second, nearly all of this secreted biological activity could
be abolished by an affinity column to which activin had
been coupled, suggesting that the secreted signal is an
activin-binding protein. Follistatin is the only demon-
strated secreted activin-binding protein and it has no
known biological activity of its own, strongly suggesting
that follistatin-mediated antagonism is paramount for pro-
moting the development of striated muscle.
The regulation of striated muscle differentiation in the
iris and ciliary body is due to the direct effects of activin and
follistatin on striated muscle differentiation, and unlikely
to be secondary to stimulation of smooth muscle differen-
tiation by activin. Previous experiments with homogeneous
FIG. 5. Effects of activin and follistatin on striated muscle development in anterior segment explants. (A) Diagram of explant experiments.
Collagen/agarose cushions were equilibrated with control or activin- and follistatin-containing medium prior to explanting. A small
volume of medium was used to form a thin layer over the explant. This prevented drying but provided adequate oxygen exchange. (B)
Striated muscle development as measured by CPK activity in the iris and ciliary body after 4 days following explant treatments. For either
activin- or follistatin-treated explants, control explants were removed from the same embryo and placed into serum-free control conditions.
Data represent means 6 standard error (n 5 6). *P # 0.01 compared to control. (C–E) MyHC expression (brown immunoreactivity) in 8-mm
sections through representative explants of treated with control medium (C), 20 ng/ml activin (D), or 100 ng/ml follistatin (E). In each the
collagen/agarose cushion is down and the lens is situated to the right. Bar respresents 900 mm.
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cultures of skeletal muscle myoblasts derived from pectoral
muscle showed that activin inhibited muscle differentia-
tion while follistatin acted to counteract endogenous ac-
tivin (Link and Nishi, 1997; Shiozuka et al., 1997). These
proteins acted during the early phases of development
involving the commitment of myoblasts to differentiation
and did not affect proliferation or survival. Moreover, we
have shown that E11 iris–ciliary body cells stimulate myo-
genesis by promoting the commitment of undifferentiated
clones to striated muscle (Link and Nishi, submitted).
Follistatin as a Multifunctional Coordinator
of Differentiation
Follistatin is known to be up-regulated during the muscle
transition (Darland et al., 1995); however, other activin-
binding proteins may also be present at this time to inhibit
the biological effects of activin. Potentially, the recently
identified follistatin-like protein (Flik) is one such mole-
cule. Flik protein is highly homologous to follistatin in the
growth factor-binding domain and is likely a secreted gly-
coprotein (Patel et al., 1996). During development, Flik is
often coexpressed with follistatin, including sites of muscle
differentiation (Amthor et al., 1996); however, it is not yet
known whether Flik binds or inhibits activin.
Follistatin or related proteins may also modulate the
bioactivity of signaling molecules other than activin. Re-
cent experiments indicate that follistatin can bind and
antagonize bone morphogenetic proteins (BMPs) 2, 4, and 7.
Interestingly, these molecules have also been shown to
inhibit striated myogenesis (Yamaguchi et al., 1991; Mur-
ray, 1993; Duprez, 1996; Pourquie, 1996). Within undiffer-
entiated neural crest cells, BMP-2 can promote smooth
muscle differentiation (Shah et al., 1996). Furthermore,
targeted gene disruption of follistatin and members of the
TGFb superfamily demonstrates an essential role for these
proteins in myogenesis (Matzuk et al., 1995; McPherron et
al., 1997) and ocular morphogenesis (Dudley et al., 1995;
Luo et al., 1995; Jena et al., 1997; Sanford et al., 1997).
By identifying follistatin as a regulator of the smooth-to-
striated muscle transition, we have confirmed previous
studies that suggested cellular differentiation in the iris and
ciliary body is controlled by signals generated within these
tissues (Ferrari and Koch, 1984; Link and Nishi, submitted;
Dhawan et al., submitted). Specification of this tissue,
however, is accomplished by signals derived from the lens
epithelium (Genis-Galvez, 1966; Stroeva, 1967; Beebe et al.,
submitted). Following specification of the iris and ciliary
body, epithelial cells at the pupillary margin of the iris
invaginate into the overlying stroma and differentiate into
smooth muscle. We have previously proposed that the
fusion competent myocytes which form the multinucleated
striated muscle of the avian iris and ciliary body are derived
from smooth muscle, via transdifferentiation, together with
migratory mesenchymal cells from the embryonic head
region. We now suggest that activin and yet to be identified
signals, perhaps TGFb, regulate the beginning of this tran-
sition by promoting smooth muscle differentiation, while
inhibiting striated muscle development. Locally produced
activin inhibitors, including follistatin, are then up-
regulated and permit striated muscle differentiation.
Whether these molecules affect muscle precursors with
either a shared lineage or those with separate lineages or
both has not been tested in these studies.
Our results show that activin antagonism by follistatin
serves a dual function in neuron-target maturation in the
anterior segment. We have previously shown that follista-
tin regulates neuropeptide phenotype by repressing activin-
induced somatostatin expression in ciliary neurons which
innervate the iris and ciliary body (Coulombe et al., 1993;
Darland et al., 1995; Kos and Coulombe, 1997). Here, we
have shown that follistatin also regulates temporal coordi-
nation of the smooth-to-striated muscle transition. Thus,
the same complement of cytokines can affect vastly differ-
ent processes in two closely associated cell types.
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